Upper body obesity (UB Ob) is associated with a reduced net free fatty acid (FFA) response to epinephrine compared with nonobese (Non Ob) and lower-body obese (LB Ob) women. Because catecholamines regulate some of the metabolic responses to exercise, we hypothesized that UB Ob would have a reduced net FFA response to exercise. Plasma FFA rate of appearance (Ra) (11-"4Clpalmitate) and fatty acid oxidation (indirect calorimetry) were therefore measured during 2.5 h of stationary bicycle exercise (45% VO2 peak) in 13 UB Ob, 11 LB Ob, and 8 Non Ob premenopausal women. 10 UB Ob and 8 LB Ob women were retested after an -8-kg weight loss. Results: During exercise Non Ob and LB Ob women had greater increments in FFA availability (51±7 and 53±8 mmol, respectively) than UB Ob women (27±4 mmol, P < 0.05). Total exercise FFA availability and fatty acid oxidation were not different between Non Ob, LB Ob, and UB Ob women, however. Following weight loss (-8 kg), the FFA response to exercise increased (P < 0.01) and remained greater (P < 0.05) in LB Ob than in UB Ob women. In conclusion, the FFA response to exercise was reduced in UB Ob women before-and after weight loss, but no effects on fatty acid oxidation were apparent. (J. Clin. Invest. 1993. 92:255-261.)
Introduction
Upper body obesity (UB Ob)' is associated with several abnormalities of free fatty acid (FFA) metabolism in moderately obese women, including increased basal FFA flux and a reduced net (incremental) lipolytic response to epinephrine ( 1 ) . Adipose tissue lipolysis, virtually the only source of circulating FFA in the postabsorptive state, is largely controlled by insulin and catecholamines, both by changes in their concentrations (2) and by the sensitivity of adipocytes to their presence (3) . Free fatty acid release increases during exercise, providing an important circulating fuel for muscle. Catecholamines are thought to play a critical role in assuring normal exercise FFA availability (4) . Ifthe lipolytic response to catecholamines dur-ing exercise is subnormal in upper body obesity, loss of fat might be impaired and exercise capacity limited. The regulation ofenergy metabolism during exercise is especially relevant in obesity because exercise is an important component of successful weight-reduction programs (5) .
The ability to maintain exercise is dependent upon the energy supply meeting the energy demands of working muscles, which oxidize both fat and carbohydrate (6) (7) (8) . During prolonged exercise carbohydrate oxidation decreases while fatty acid oxidation increases (7) . Both intramuscular triglycerides and circulating FFA are potential sources of fatty acids (8, 9) . In lean men, FFA availability exceeds fatty acid oxidative needs during prolonged, low intensity exercise (10) . Women, however, have greater proportionate lipid oxidation during exercise than men ( 11 ), and it is unknown whether FFA availability is adequate to meet the energy needs of working muscle in lean or obese women. An inadequate lipolytic response to exercise in upper body obese women could result in accelerated depletion ofintramuscular glycogen and triglycerides and therefore limit exercise endurance capacity. This, in turn, could discourage participation in regular exercise.
Few investigations (12) (13) (14) have examined the effects of weight loss on the FFA response to exercise. Some studies have reported that exercise-induced increments in plasma FFA concentrations are less during weight loss than before caloric restriction ( 12) , whereas others have observed the opposite phenomenon ( 13, 14) . The reasons for these discrepant results may be related to the exercise protocols employed, degree of caloric restriction, or heterogeneous study subjects. In addition, only plasma FFA concentrations were measured (12) (13) (14) , and changes in FFA clearance with exercise (7) and obesity (1) limit the interpretation of such data. Because plasma FFA concentrations may not reflect release rates during exercise, the possibility remains that weight loss could modify the adipose tissue response to exercise such that FFA release is reduced.
The purpose ofthis study was threefold: (a) to determine if body fat distribution influences the incremental lipolytic response to prolonged, submaximal exercise in moderately obese women compared with nonobese women; (b) to examine whether FFA availability in these three groups of women equals or exceeds fatty acid oxidation (as measured by indirect calorimetry) during exercise and recovery; and (b) to determine whether 16 wk of a modestly energy-restricted diet reduces FFA release during exercise and whether this response is influenced by body fat distribution. Knowing that upper-body obese women have a reduced incremental FFA response to an epinephrine infusion, it was hypothesized that upper body obese women would have a subnormal FFA response to exercise. We also hypothesized that following weight-loss exercise, FFA availability would decrease only in upper body obese women. (20) were determined by radioimmunoassay, and plasma epinephrine and norepinephrine were measured by radioenzymatic assay (21 
Weight reduction program
After the first experiment, all obese subjects participated in a weightloss program. Moderate caloric restriction was employed (-500 kcal * d-' energy deficit). The recommended energy content of each individual's diet was based on measured resting energy expenditure. The recommended diet composition was 25-30% fat, 20% protein, and 50-55% carbohydrate (80% complex carbohydrate) and was planned according to subjects' food preferences and tolerances. All subjects were asked to increase their physical activity level but were not required to attend preplanned exercise classes. Half ofthe subjects ofeach group were specifically instructed to exercise three times a week for 30 min at 60-80% of their maximal heart rate.
Analysis and calculations. Throughout the remainder ofthe paper, pre-vs. posttesting refers to the testing before and after weight loss, whereas the time points at which samples were taken are referred to as the sampling intervals, e.g., baseline (-30-0 min), exercise (0-150 min), and recovery ( 150-240 min). Plasma FFA rate of appearance (Ra) was calculated using non-steady-state equations (25) . The rates of fatty acid and carbohydrate oxidation (jsmol -min-') were calculated using the indirect calorimetry data combined with urine nitrogen excretion rates (26) . At each sampling period, the mean of two 1-min breath samples was used for the calculation of V02 and carbon dioxide production. Baseline FFA flux was the average ofthree basal Ra values. The total FFA available (isotopic determination) and fatty acids oxidized (indirect calorimetry) during exercise and recovery was calculated using the area under the curve ofFFA Ra and fatty acid oxidation, respectively. In order to examine the effect of the exercise stimulus independent of baseline values, the incremental lipolytic response to exercise was calculated by determining the area under the curve above baseline FFA Ra. Free fatty acid availability and fatty acid oxidation are expressed as total timol or mmol because lean body mass was comparable between groups (27) . Statistical comparisons between groups were performed using an ANOVA, and post hoc comparisons were done with the Newman-Keuls test ( (Table I) , and the Non Ob women were well matched to the obese women except for body fat. 18 of the 24 obese subjects (8 LB Ob, 10 UB Ob) completed the second study, and their post-weight-loss descriptive and testing data is included in Table I . Because no differences in fatty acid metabolism were present between the women given specific exercise instruction and the group not given specific instructions, the data from the two exercise groups were pooled. Both groups of obese women lost weight at similar rates ( -0.5 kg . wk -') during the 16-wk weight-reduction program. During the first exercise experiment, all subjects pedaled at a work intensity of approximately 45% of their individual peak V02. The obese subjects worked at comparable oxygen uptake rates pre-and post-weight loss (Table I) . Plasma hormone, glucose, and substrate concentrations. Although plasma catecholamine concentrations tended to be Plasma insulin concentrations before, during, and after exerlower during the post-weight-loss exercise study, no statisticise are provided in Table II . The pattern of differences is simically significant differences in plasma catecholamines between lar to that previously reported ( 1), and during exercise plasma groups was found either pre-or post-weight loss. insulin concentrations decreased. Baseline, exercise, and recovPlasma glucose concentrations were similar between ery plasma insulin concentrations were modestly lower during groups at baseline and did not change significantly throughout the post-weight-loss study than during the pre-weight-loss exercise or recovery (baseline: Non Ob 5.2±0.1, LB Ob study in both groups of obese women (Table II) .
5.4±0.1, UB Ob 5.8±0.2 mmol * L-'). Baseline plasma lactate The three groups of women had similar baseline plasma concentrations were greater (P < 0.05) in UB Ob ( 1.6±0.1 cortisol and glucagon concentrations, which increased (P mmol/liter) than Non Ob (1.0±0.1 mmol/liter) and LB Ob <0.05) -20% in response to exercise and returned to baseline (1.2±0.1 mmol/liter) women. In all subjects, plasma lactate values during recovery (data not shown). No significant differconcentrations increased (P < 0.05) 0.5 mmol/liter during ence in plasma growth hormone concentrations was found beexercise and returned to baseline values during recovery. tween groups or between sampling intervals, and no substantial Plasma ketone body concentrations increased during exercise differences between pre-and post-weight-loss plasma cortisol, in each group and continued to increase during recovery (Tagrowth hormone, and glucagon concentrations were apparent ble II). No statistically significant differences in plasma gluin UB Ob or LB Ob women (data not shown).
cose, lactate, or ketone body concentrations were seen from Plasma norepinephrine and epinephrine concentrations inpre-to post-weight loss in UB Ob or LB Ob women. creased (P < 0.05) in response to exercise in all groups (Fig. 1) . During exercise the plasma norepinephrine concentrations in-Fatty acid kinetics creased abruptly and remained stable, whereas plasma epinephBaseline. Baseline FFA flux was greater (P < 0.05) in UB Ob rine concentrations increased gradually throughout exercise.
women than either Non Ob or LB Ob women (517±43 vs. (Fig. 3) , UB Ob women started with the highest preexercise FFA flux ( Fig. 3 ) and had the lowest mean peak exercise FFA Ra values. Therefore, over the 150 min of exercise the increment in FFA availability above baseline in Non Ob and LB Ob women (51±7 and 53±8 mmol, respectively) was greater than that found in UB Ob women (27±4 mmol, P < 0.05).
During the initial exercise study, FFA Ra and fatty acid oxidation rates matched closely in UB Ob and Non Ob women (Fig. 2) , whereas in LB Ob women FFA Ra tended to increase more slowly than fatty acid oxidation during the first 60 min of exercise. During the 150 min ofexercise the total FFA available (area under the FFA Ra curve) in Non Ob, LB Ob, and UB Ob women (107±8, 112±13, and 100±6 mmol, respectively) and the total amount of fatty acids oxidized (86±13, 103±29, and 98±12 mmol, respectively) were not significantly different either between groups or Ra vs. oxidation (Fig. 4) . The mean FFA Ra during the last 30 min of exercise was 1042±52, 996±82,989±90, and ,umol * min' in the Non Ob, LB Ob, and UB Ob women, respectively, and fatty acid oxidation rates over the same time interval were 660+144, 806+127, and 797±92 ,umol * min' .
After weight loss, the plasma FFA Ra response to exercise increased in both LB Ob and UB Ob women (Fig. 5) (Fig. 6 ).
Recovery. Oxygen consumption returned to baseline values within the first 15 min of the 90-min recovery interval in all groups. Free fatty acid availability clearly exceeded fatty acid oxidation in all groups (FFA availability vs. fat oxidation: Non OB, 118±21 vs. 34±5, LB Ob; 146±8 vs. 53±6; UB Ob, 162± 15 vs. 59±5 mmol, respectively; P < 0.01) (Fig. 3) ; no statistically significant intergroup differences were present. Following weight loss, recovery interval FFA availability also exceeded recovery interval fatty acid oxidation (LB Ob, 198±15 vs. 45±6; UB Ob, 160±15 vs. 42±6 mmol; P < 0.01, respectively).
Carbohydrate oxidation. As measured by indirect calorimetry, baseline carbohydrate oxidation was 638+267, 596±134, and 578±113 tmol * mint-(P = NS) in Non Ob, LB Ob, and UB Ob women, respectively. The quantity ofcarbohydrate oxidized during exercise was also similar (422±45 vs. 450±53 vs. 522+73 mmol, respectively, P = NS). Although fat oxidation 
Discussion
These experiments were performed to address a void in the literature regarding lipid fuel metabolism during exercise in women. The influence of obesity, body-fat distribution, and an energy-restricted diet on FFA availability and fatty acid oxidation during exercise was assessed. We measured FFA turnover and fatty acid oxidation rates in age-and fitness-matched upper body obese, lower body obese, and nonobese women before, during, and after prolonged, submaximal bicycle exercise, before and during weight loss (obese women only). Because previous studies (1) found a reduced FFA response to intravenous epinephrine in upper body obesity, we hypothesized that women with this obesity phenotype would have a reduced net FFA response to exercise, and that a weight-loss program would exaggerate this difference. Consistent with the epinephrine infusion data (1), upper body obese women in this study had a reduced incremental FFA response to exercise. Despite this subnormal response, total FFA availability and fatty acid oxidation was not different between upper body obese, lowerbody obese, or nonobese women. After 16 wk of an energyrestricted diet, baseline FFA flux was no longer different in UB Ob and LB Ob women, the FFA response to exercise increased in both groups of obese women, yet UB Ob women continued to have a lesser net lipolytic response than LB Ob women. Thus, the reduced net FFA response in upper-body obese women could not be interpreted as a normal increase from a higher preexercise FFA level in order to meet the oxidative demands of exercise but must be related to differences in adipose tissue or the hormonal milieu of exercise in upper body obesity. We employed two approaches to assess the FFA kinetic response to exercise. There is abundant data concerning the FFA kinetic response to exercise in men (3, 6, 7, 10, 28, 29) however, we are aware of only one study in women (30) . FFA turnover increased by 19% and 64% in two obese women (no nonobese controls were included) during 30 min of bicycle ergometer exercise (30) . More comprehensive information is important in light of the known differences in the metabolic responses to exercise between men and women (11). Our findings in nonobese women are similar to those of Wolfe et al. (10) , who noted that FFA availability exceeded fatty acid oxidation throughout exercise in lean men, and this is consistent with the calculations of Gollnick (9) (33) . In addition, it is possible to err in the estimation of fatty acid oxidation during exercise (34) and recovery because ofchanges in plasma ketone body and lactate concentrations (26) . Plasma ketone body concentrations increased in our subjects throughout the study with the greatest increase seen during the 90-min recovery interval in the nonobese women (Table II) .
The net accumulation of ketone bodies in this group could result in°2 consumption of -3 ml -min-' (-1.5% of total 02 consumption) without CO2 production, resulting in a lower RQ value. In addition, plasma lactate concentrations decreased by -0.5 mmol -liter-' during recovery, potentially resulting in the retention of an additional 1.6 ml * min-' of CO2. These confounding factors could theoretically result in a 2.5% underestimate ofRQ (an error within the measurement error ofindirect calorimetry). The obese groups had smaller changes in plasma substrate concentrations, and the effects would be relatively less important during exercise. Thus, we believe our indirect calorimetry estimates of fatty acid oxidation are reasonably accurate; however, this may not necessarily be true at higher workloads (34) . These study results suggest that increased FFA availability during exercise does not necessarily result in increased fatty acid oxidation, unlike the responses following exercise training or fasting. Endurance-training studies show increased fatty acid oxidation during exercise without intramuscular glycogen depletion (35, 36) ; whereas, glycogen depletion is believed to be responsible for the increased exercise fatty acid oxidation following fasting ( 14) . In the present study, the subjects were neither well trained nor glycogen depleted before or during weight loss. Thus, the failure of increased FFA availability to increase fatty acid oxidation suggests that factors other than circulating FFA regulate fatty acid oxidation during exercise. The mechanism(s) for the increased FFA response to exercise following weight loss and the smaller incremental lipolytic responses seen in upper body obese women cannot be established from this study. Insulin (37) and catecholamines (2, 4) are the major regulators ofadipose tissue lipolysis, and changes may have occurred in both regulatory systems with weight loss, which may enhance the lipolytic response to exercise. For example, plasma insulin concentrations were slightly lower in both groups throughout the post-weight-loss study, which could allow a greater lipolytic response. However, the relative decrease in insulin during exercise was comparable pre-and post-weight loss, arguing against insulin being solely responsible for the greater FFA release. Although the plasma epinephrine and norepinephrine concentrations during exercise were comparable before and after weight loss, in vitro (38) and in vivo ( 15) studies have shown that food restriction increases the stimulatory effects of catecholamines on lipolysis, even ifinsulin availability is controlled ( 15 ) . Thus, an enhanced adipose tissue response to catecholamines may play a substantial role in the increased FFA availability seen in the post-weight loss exercise study. Although the greater plasma insulin concentrations present in upper body obese women may have contributed to the reduced lipolytic response to exercise compared with lower body obese women, the differences in catecholamine regulation of adipose tissue lipolysis between these two types of obesity ( 1, 39) more likely account for the lesser response in upper body obese women.
The markedly different FFA response to exercise following a relatively gradual loss of weight has implications for the recruitment of volunteers for research studies. The subjects in this experiment were weight stable for at least two months (and often years) prior to initial involvement in this study; whereas, in the second study weight loss was continuing to occur. It is possible that the ongoing caloric deficits, rather than fat loss itself, in some way mediated the responses observed. It is unknown how long an enhanced FFA response to exercise would persist following weight stabilization. In future studies it will be important to determine whether study subjects have lost weight and, if so, how long a stable weight has been maintained. Failure to take such a precaution could result in different metabolic responses to exercise.
In 
